Abstract: Novel surfactants were synthesized based on corn oil and diethanolamine and its inhibiting action on the corrosion of mild steel in CO 2 -saturated NaCl solutions was investigated by means of linear polarization resistance corrosion rate and polarization methods The results revealed that the investigated surfactants were an excellent inhibitors and the inhibition efficiencies obtained from two methods were in good agreement. The maximum inhibition efficiency was observed for inhibitor II (99.5 at 50 ppm). Polarization studies clearly revealed that the surfactants acted essentially as the mixed-type inhibitor. Thermodynamic parameters were obtained from polarization studies, which suggested that the adsorption of studied surfactants on metal surface obeyed Langmuir adsorption isotherm model.
Introduction
Mild steel is widely applied as the constructional material in many industries due to its excellent mechanical properties and low cost. As some of the important fields of application are petrochemical processes, the main problem of applying mild steel is CO 2 corrosion. Several methods are present for corrosion prevention. One of such methods is the use of the organic inhibitors [1] [2] [3] [4] [5] [6] . The use of inhibitors is the most economical and practical method in reducing corrosive attack on metals [7, 8] . Inhibitors which reduce corrosion on metallic materials can be divided into four kinds: (i) inorganic inhibitors, (ii) organic inhibitors, (iii) surfactant inhibitors, and (iv) mixed material inhibitors. Surfactant inhibitors have many advantages such as, for example, high inhibition efficiency, low price, low toxicity, and easy production.
Surfactants are molecules composed of a polar hydrophilic group, the "head", attached to a nonpolar hydrophobic group, the "tail". In general, in aqueous solution the inhibitory action of surfactant molecules may also be due to physical (electrostatic) adsorption or chemisorption onto the metallic surface, depending on the charge of the solid surface and the free energy change of transferring a hydrocarbon chain from water to the solid surface. The adsorption of a surfactant markedly changes the corrosion resisting property of a metal, and for these reasons studies of the relation between adsorption and corrosion inhibition are of considerable importance [9] [10] [11] [12] . In corrosion inhibition with surfactant inhibitors, the critical micelle concentration (CMC) is the most important parameter. When the concentration of surfactant adsorbed on the solid surface is high enough, organized structures (hemimicelles such as bi-or multilayer) are formed, which decrease the corrosion reaction by blocking the metallic surface [13] [14] [15] .
The aim of this study is to investigate the adsorption and corrosion inhibitive properties of newly synthesized surfactants from the type of fatty acids on mild steel in CO 2 -saturated 1% NaCl solution using linear polarization resistance corrosion rate and polarization techniques. Thermodynamic parameters of were determined and the inhibition mechanism has been discussed.
Experimental work

A. Chemical composition of mild steel alloy
The rotating disk working electrodes for tests were made of carbon steel grade 080A15 and have an area of 4.55 cm 2 with a chemical composition (wt%) C 0.18%, Si 0.17%, Mn 0.70%, P 0.011%, S 0.03%, Ni 0.0%, Cr 0.01% and Fe balance. The data was provided by European Corrosion Supplies Ltd.
B. Synthesis of Surfactants
Corn oil was reacted with diethanolamine for 7 hours at 150-160 °C. These processes produce fatty acid diethanolamine amide. Based on the last prepared compound sulfating syntheses were performed. The product is sulfated fatty acid diethanolamine amide. Five types from surfactants were synthesized in high purity by the following compositions: [R-CH-(OSO 3 M)-CON-(CH 2 2 ). List of the synthesized surfactants are shown in Table 1 .
C. Preparation of solutions
The aggressive solution, 1% NaCl, was prepared by dissolving of analytical grade NaCl in distilled water. The concentration range of the prepared surfactants was from 10 to 75 ppm used for corrosion measurements. All inhibitors solutions were prepared using a mixture from distilled water and alcohol in a different ratio.
D. Corrosion measurements
The measurements were performed on the rotating cylinder electrode (A=4.55 cm 2 ). This electrode was used for one time. The reference electrode was Ag/AgCl Electrode to which all potentials are referred. Before beginning the experiment, the prepared 1% -of sodium chloride solution was stirred by a magnetic stirrer for 30 min in 1000 ml cell. Then this cell was thermostated at a temperature 50 º C for 1 hour under a pressure of 0.9 bars. The solution was saturated with carbon dioxide. To remove any surface contamination and air formed oxide, the working electrode was kept at−1500 mV (Ag/AgCl) for 5 min in the tested @ 2013 NSP Natural Sciences Publishing Cor.
solution, disconnected shaken free of adsorbed hydrogen bubbles and then cathodic and anodic polarization was recorded. ACM Gill AC instrument connected with a personal computer was used for the measurements.
1) The extrapolation of cathodic and anodic Tafel lines
The extrapolation of cathodic and anodic Tafel lines was carried out in a potential range ±100 mV with respect to corrosion potential (E corr ) at scan rate of 1 mV/s.
2) Linear polarization resistance corrosion rate
The linear polarization resistance (LPR) corrosion rate bubble-test method involves evaluating the corrosion of steel in simulated brine saturated with CO 2 at a temperature equivalent to that in the field. The LPR method is ideal for plant monitoring offering an almost instantaneous indication of corrosion rate, allowing for quick evaluation of remedial action and minimizing unscheduled downtime. The potential of the working electrode was varied by a CoreRunning programme (Version 5.1.3.) through an ACM instrument Gill AC. The CoreRunning programme converts a corrosion current in mA/cm 2 to a corrosion rate in mm/year. A cylindrical mild steel rod of the composition 080A15 GRADE STEEL was used as a working electrode. Gill AC technology allows measure DC and AC signals using standard Sequencer software. A small sweep from typically -10 mV to +10 mV at 10 mV/min around the rest potential is performed.
E. Surface tension measurements
It is of interest to study the micellar properties of solutions of these compounds in order to correlate their surface active properties with critical micelle concentration (CMC). The surface tensions were determined by DuNouy Tensiometer, Kruss Type 8451 and the temperature was maintained precisely at 25 °C. Critical micelle concentration (CMC) values of surfactants were determined, according to the break points in the plots of the surface tension versus ln molar concentration of investigated surfactants. 
Results and Discussion
A. The extrapolation of cathodic and anodic Tafel lines
The inhibiting effect of the synthesized compounds on the corrosion reaction of mild steel in CO 2 -saturated NaCl solution was investigated using the electrochemical polarization method. The polarization technique was adopted to determine both cathodic and anodic polarization curves. It is also used to calculate the corrosion currents from the extrapolation of Tafel lines to pre-determined open circuit potential. This is achieved by measuring the potential-current characteristics of the metal/solution system under consideration with the aid of a potentiostat. (Ag/AgCl) Figure 1 shows the influence of inhibitor I concentrations on the Tafel cathodic and anodic polarization characteristics of mild steel in CO 2 -saturated solution at scan rate 1 mV/s and at 50 °C. Corrosion parameters were calculated on the basis of cathodic and anodic potential versus current density characteristics in the Tafel potential region [16, 17] . Steady state of open circuit corrosion potential (E corr ) for the investigated electrode in the absence and presence of the studied inhibitor was attained after 45-60 min from the moment of immersion. Corrosion current density (I corr ) of the investigated electrodes was determined [18] , by extrapolation of cathodic and anodic Tafel lines to corrosion potential (E corr ). The inhibition efficiency expressed as percent inhibition (η%) is defined as:
Where I uninh . and I inh . are the uninhibited and inhibited corrosion currents. The inhibited corrosion currents are those determined in the presence of the studied surfactants used in this investigation. The uninhibited corrosion currents were determined in pure (inhibitor free) CO 2 -saturated 1% NaCl solution at the same temperature. It can be seen that the presence of surfactants molecule results a marked shift in both cathodic and anodic branches of the polarization curves towards lower current densities. This means that, the inhibitors affect both cathodic and anodic reactions. It was found that, both anodic and cathodic reactions of mild steel electrode corrosion were inhibited with increasing concentration of synthesized inhibitors. These results suggest that not only the addition of synthesized inhibitors reduce anodic dissolution but also retard the hydrogen evolution reaction.
The electrochemical parameters E corr , I corr , inhibition efficiency (η%), anodic and cathodic Tafel slopes (β a , β c ) obtained from the polarization measurements were listed in Table 2 . The data exhibited that, the corrosion current density (I corr ) decreases, and the inhibition efficiency (η%) increases as the concentration of inhibitors is increased. These results suggest that retardation of the electrodes processes occurs, at both cathodic and anodic sites, as a result of coverage of these sites by surfactants molecules. However, the maximum decrease in I corr was observed for (II) and the inhibition efficiency of the investigated inhibitors was increased in the following order: II> IV> V > I >III at 75 ppm.The increase of inhibitor efficiency with increasing the concentration can be interpreted on the basis of the adsorption amount and the coverage of surfactants molecules, increases with increasing concentration [19, 20] . The E corr values of all synthesized inhibitors were shifted slightly toward both cathodic and anodic directions and did not show any definite trend in CO 2 -saturated brine. This may be considered due to the mixed-type behaviour of the studied inhibitors. It can be observed, the shift in E corr that is characteristic of anodic and anodic/cathodic inhibitor [21] .
The change in β a and β c values as shown in Table 2 indicates that adsorption of synthesized surfactants modify the mechanism of anodic dissolution as well as cathodic hydrogen evolution. In other words, the inhibitor decreases the surface area for corrosion of the investigated metal, and only causes inactivation of a part of the surface with respect to corrosive medium [20] . On the other hand, the cathodic Tafel slopes (β c ) are also found to be greater than the respective anodic Tafel slopes (β a ). These observations are correlated with the fact that the cathodic exchange-current density values are less than those of the anodic counter parts. It can be concluded that the overall kinetics of corrosion of mild steel alloy in CO 2 saturated solution are under cathodic control. Figures 2-4 show that, the change in corrosion rate (CR) with time for mild steel in CO 2 -saturated 1%NaCl solution containing different concentrations form inhibitors I, II and IV at 50 °C (as examples). The inhibitor was added after 1 hour of exposure because at this time the corrosion potential got stable, allowing the measurement of the CR prior the injection of the inhibitor. The initial corrosion rate, without inhibitor, was measured to be between 2.59 and 3.784 mm y -1
Inhibitors Code
B. LPR corrosion rate
. It can be observed from Figures 5 and 6 that the CR, in the absence of inhibitor, tends to increase with time. The increase in CR has been attributed to the galvanic effect between the ferrite phase and cementite (Fe 3 C) which is a part of the original steel in the nonoxidized state and accumulates on the surface after the preferential dissolution of ferrite (α-Fe) into Fe 2+ [22] . Fe 3 C is known to be less active than the ferrite phase. Therefore, there is a preferential dissolution of ferrite over cementite, working the former as the anode and latter as the cathode, favoring the hydrogen evolved reaction (HER) during the corrosion process [23, 24] . Where CR o is the corrosion rate without inhibitor and CR i is the corrosion rate when inhibitor is present. It can be seen that the presence of inhibitors results a high decrease in the rate of corrosion. In the case of these inhibitors, the corrosion rate decreases as the inhibitor concentration increases, getting maximum inhibition efficiency ranged between 61 and 99.5% at 50 ppm after 20 hour of exposure (Table 3 ). This trend may results from the fact that adsorption and surface coverage increase with the increase in concentration; thus the surface is effectively separated from the medium [25] . Table 3 shows the calculated values of corrosion rates, the inhibition efficiencies and the surface coverage in the absence and presence of different concentrations of different inhibitors at 50 °C. The data exhibited that, the corrosion rates, the inhibition efficiencies and the surface coverage are found to depend on the concentrations of the inhibitors. The corrosion rate (CR) are decreased, and the inhibition efficiencies (η%) and the surface coverage (θ) are increased with the increase of the surfactant concentrations. This indicates that the inhibitory action of the inhibitors against mild steel corrosion can be attributed to the adsorption of these molecules on the metal surface, limits the dissolution of mild steel, and the adsorption amounts of surfactants on mild steel increase with concentrations in the corrosive solutions. Figure 5 shows the variation of the corrosion rate with time for mild steel in CO 2 -saturated 1% NaCl solution containing 50 ppm from different surfactants at 50 °C. This plot indicates that, the presence of different inhibitors decreases the rate of corrosion. However, the maximum decrease in the corrosion rate was observed for inhibitor (II) and the inhibition efficiency of the investigated surfactants was increased in the following order: II> IV> V > I >III. The inhibition efficiencies are in a good agreement with that calculated from Tafel polarization measurements.
The high inhibition efficiency obtained in CO 2 -saturated solution in the presence of studied inhibitors by all investigated methods can be attributed to the formation of a protective film of iron carbonate (FeCO 3 ) as follows [26] : The anodic dissolution for iron in carbonic acid solutions gives ferrous ions [26] .
According to these processes, a corrosion layer was formed on the steel surface. The properties of the formed layers and its effect on the corrosion rate are important factors to take into account when studying the corrosion of steels in CO 2 environments. Ogundele and White suggested that, iron carbonate, FeCO 3 , may be important in the formation of protective layers on steel surface [27] . The formation of iron carbonate can be explained by using the following Eq. [28] . 
C. Surface tension and surface active properties
The main importance of the critical micelle concentration (CMC) consists of the fact that at this concentration, most of the physical and chemical properties of the surfactant solutions present an abrupt variation. The values of surface tension (γ) were measured at 303 K for various concentrations of the synthesized surfactants. The measured values of (γ) were plotted against ln of the surfactant concentration, ln C (Fig. 6) . The intercept of the two straight lines designates the CMC, where saturation in the surface adsorbed layer takes place. The plot showed that the surfactant was molecularly dispersed at low concentration leading to a reduction in surface tension. This reduction increases with increasing concentration. At high concentration, however, when a certain concentration was reached (CMC), the surfactant molecules form micelles, which were in equilibrium with the free surfactant molecules [28] .
The surface active properties of the surfactant, effectiveness (π cmc ), maximum surface excess (Γ max ), and minimum area per molecule (A min ) were calculated using the following equations [29] :
Where ∂γ/∂lnC is maximum slope, γ0 is the surface tension of pure water, γcmc the surface tension at critical micelle concentration, NA is the Avogadro's number (6.023 ×1023 molecules/mol), R is the molar gas constant (R= 8.314 J/(mol K)) and T is the absolute temperature = (t°C+273), is the Gibbs free energy of adsorption [30] .
The data presented in Table 4 show some of the surface active properties for the investigated surfactants. The results indicate that, the consequent increase in of Γ max leads to crowding at the interface, which causes a decrease in A min values. This is because the minimum surface area decreases with increases in the chain length of the synthesized surfactant molecules. The data on the minimum surface area of the short chain surfactant molecules showed higher A min of these molecules compared to the longer hydrophobic chains [30] . The values of effectiveness (π cmc ) at 298 K indicate that the prepared compounds gives large reduction of surface tension at CMC, so that, these compounds acts as effective corrosion inhibitors for carbon steel in CO 2 -saturated 1% NaCl solutions. 
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tendency of these surfactants towards adsorption rather than micellization. Then the adsorption will be accompanied with micellization at last. The tendency towards adsorption was referred to the interaction between the aqueous phases and the hydrophobic chains which pump the surfactant molecules to the interface [31] .
D. Adsorption Isotherm
The mechanism of corrosion inhibition may be explained on the basis of the adsorption behaviour of the inhibitors [32] . We attempted to fit θ values with standard adsorption isotherms, including those of Frumkin, FloryHuggins, Temkin, and also by the Langmuir-type adsorption isotherm. It was found that the experimental results for all investigated surfactants o can be fitted quite well with the Langmuir adsorption isotherm expressed as [33] :
Where C i is the inhibitor concentration and K ads is the equilibrium constant of the inhibitor adsorption process related to the free energy of adsorption (Fig. 7) with a correlation coefficient (R 2 ) higher than 0.9976 and a slope closed to the unity. This indicates that the adsorption of these inhibitors can be fitted to a Langmuir adsorption isotherm. The strong correlation of the Langmuir adsorption isotherm may confirm the validity of this approach. The equilibrium constant (K ads ) for the adsorption-desorption process of these compounds can be calculated from reciprocal of the intercept. The adsorptive equilibrium constant (K ads ) values are listed in Table 5 . It is clear that, the high values of K ads suggest that interaction between adsorbed molecules and the metal surface is strong, indicating that the inhibitor molecules are not easily removable from the surface by the solvent molecules. This may be due to the formation of coordinated bonds between the prepared surfactants and the d-orbital of iron on the surface of mild steel.
Generally, values
o ads G .  around -20 kJ mol -1 or lower are consistent with the electrostatic interaction between the charged molecules and the charged metal (physisorption). Whereas, the more negative values than -40 kJ mol -1 involve charge sharing or transfer from the inhibitor molecules to the metal surface to form a coordinate type of bond (chemisorption) [35] . In our measurements, calculated o ads G .  values indicated that the adsorption mechanism of the prepared surfactants on mild steel in CO 2 -saturated 1% NaCl solution is a physical adsorption [36] . (15) . . . 
Conclusions
In the above results and discussion, the following conclusions are drawn:
1. Novel environmental friendly surfactants from the type of fatty acids were synthesized based on corn oil and diethanolamine. 
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